Sleep deprivation interferes with cognitive performance but the mechanisms are poorly understood. We recently reported that one night of sleep deprivation increased dopamine in striatum (measured with [ 11 C] raclopride, a PET radiotracer that competes with endogenous dopamine for binding to D2 receptors) and that these increases were associated with impaired performance in a visual attention task. To better understand this association here we evaluate the relationship between changes in striatal dopamine (measured as changes in D2 receptor availability using PET and [ 11 C]raclopride) and changes in brain activation to a visual attention task (measured with BOLD and fMRI) when performed during sleep deprivation versus during rested wakefulness. We find that sleep induced changes in striatal dopamine were associated with changes in cortical brain regions modulated by dopamine (attenuated deactivation of anterior cingulate gyrus and insula) but also in regions that are not recognized targets of dopaminergic modulation (attenuated activation of inferior occipital cortex and cerebellum). Moreover, the increases in striatal dopamine as well as its associated regional activation and deactivation patterns correlated negatively with performance accuracy. These findings therefore suggest that hyperstimulation of D2 receptors in striatum may contribute to the impairment in visual attention during sleep deprivation. Thus, while dopamine increases in prefrontal regions (including stimulation of D1 receptors) may facilitate attention our findings suggest that hyperstimulation of D2 receptors in striatum may impair it. Alternatively, these associations may reflect a compensatory striatal dopamine response (to maintain arousal) that is superimposed on a larger response to sleep deprivation.
attention, judgment and decision-making (Durmer and Dinges, 2005) . Despite its high prevalence in our modern society the neurochemical mechanisms associated with cognitive impairment with SD are poorly understood. Multiple neurotransmitters are implicated in the sleep/wake cycle including dopamine (DA) and their disruption could contribute to the cognitive impairments observed with SD (Siegel, 2004; Monti, 1983; Dzirasa et al., 2006) . Indeed, we recently reported using Positron Emission Tomography (PET) and [ 11 C]raclopride (radiotracer whose binding to D2 receptors is sensitive to endogenous DA) that D2 receptor availability decreased one night after SD, which we interpreted as an indication of striatal DA increases with SD (Volkow et al., 2008a) . We also showed that the increases in striatal DA were associated with the decrease in performance (accuracy) on a visual attention (VA) task (Volkow et al., 2008a) . Though this association at first sight may seem counterintuitive since stimulant medications, which increase DA, can counteract some cognitive deficits associated with SD (Boutrel and Koob, 2004) these effects most likely reflect DA increases (as well as noradrenergic increases) in prefrontal cortex (Berridge et al., 2006) . Also, caffeine, which improves attention with SD (Lim and Dinges, 2008) , was shown to have the opposite effects to that of SD in [ 11 C] raclopride binding (increased striatal binding presumably from DA decreases) (Kaasinen et al., 2004) . To better understand the association between striatal DA increases and disruption in VA with SD, here we assess the relationship between the striatal DA increases and the changes in brain activation responses to the VA task when performed during SD versus when performed during rested wakefulness (RW).
For this purpose we assessed the correlations between changes in [ 11 C]raclopride binding (measured with PET and [ 11 C]raclopride) and changes in regional brain activation to the VA task (measured with BOLD and fMRI). We contrasted this association after one night of SD and a control condition of rested wakefulness (RW) in 14 healthy male controls. We had previously shown using fMRI that task difficulty in the VA was associated with activation in parietal cortex and with deactivation in upper and middle occipital cortex, insula and anterior cingulate gyrus (CG) and that these responses were significantly lower during SD than during RW except in thalamus (activation higher for SD than RW) and in CG (no differences) (Tomasi et al., 2008) . The correlation between striatal DA increases and impaired VA performance with SD (Volkow et al., 2008a ) led us to hypothesize that striatal DA increases contributed to the brain activation deficits during SD. Specifically, and on the basis of prior imaging studies that showed that stimulant drugs, which increase DA, markedly decreased brain activation during a cognitive task (Mehta et al., 2000; Volkow et al., 2008b) , we hypothesized that striatal DA increases with SD would be associated with decreased activation to the VA task. Also since the effects of stimulant medications on regional brain activation vary as a function of the activation pattern elicited by the specific task (Mattay et al., 1996) we expected that the striatal DA increases with SD would correlate with regional responses associated with task performance. The results of the effects of SD on striatal D2 receptor availability and on the brain activation patterns during VA have been reported elsewhere (Tomasi et al., 2008; Volkow et al., 2008a) . This study focuses specifically on the correlations between these two sets of measures.
for psychotropic drugs; 2) present or past history of dependence on alcohol or other drugs of abuse (including current dependence on nicotine); 3) present or past history of neurological or psychiatric disorder; 4) use of psychoactive medications in the past month (i.e., opiate analgesics, stimulants, sedatives); 5) use of prescription (non-psychiatric) medication(s), i.e., antihistamines; 6) medical conditions that may alter cerebral function; 7) cardiovascular and metabolic diseases; 8) history of head trauma with loss of consciousness of more than 30 min; and 9) history of sleep disorders (if they responded affirmatively to having problems falling asleep, staying asleep, feeling tired upon wakening, and/or required medications to help them sleep and/or if they had a past or present history of sleep apnea or restless leg syndrome); and 10) work that required night shift-hours. Subjects were asked to keep a record of the number of hours slept per night for the 2 weeks duration of the study (from evaluation to completion of the study) and this corresponded to an average of 7.5±1 h per night; range 5.5-8.8 h per night; average bed time 11.45±1 PM; average wake up time 7.2±1 AM. Signed informed consents were obtained from the subjects prior to participation as approved by the Institutional Review Board at Brookhaven National Laboratory.
SD and RW procedures
Subjects were kept overnight at Brookhaven National Laboratory prior to their scheduled SD or RW session to ensure that subjects stayed awake for the SD (one night of sleep deprivation) or had a good nights rest for the RW (mean 6.7±0.9 h slept; range 5-8.5 h) conditions. A research assistant remained with them throughout the night to ensure that they did not fall asleep for the SD condition and to observe that they slept properly for the RW condition. On the day of the RW condition the subjects were awakened at 7 AM and brought to the imaging suite. A nurse remained with the subjects to ensure that they stayed awake throughout the study. No food was given after midnight and caffeinated beverages were discontinued for 24 h prior to the study.
Behavioral measures
Subjects were asked to rate self-reports for "alertness", on a scale of 1 to 10 where 1 being not at all and 10 being very intense. This measure was obtained twice on each day of study; prior to the PET study and 2 h later. On the day of the RW condition subjects also rated the "quality of their sleep" from 1 to 10 (1 not restful to 10 very restful).
Imaging
The PET scans were done with a Siemens HR+ tomograph (resolution 4.5×4.5×4.5 mm full width half-maximum) in 3D mode. Subjects were scanned with [ 11 C]raclopride twice; after one night of observed RW and after one night of observed SD. The scans were performed between 12 and 1 PM, which was approximately 5 to 6 h after awakening in the RW condition and 29 to 33 h after awakening in the SD condition (12 Ss≥30 h and 2 Ss=29 h). Half the subjects had their first set of scans after RW and the other half after SD to control for order effects. Dynamic scans were started immediately after iv injection of 4-10 mCi of [ 11 C] raclopride (specific activity>0.25 Ci/µmol at time of injection) for a total of 60min as previously described (Volkow et al., 1994) .
The BOLD-fMRI scanswere done with a 4 Tesla whole-body Varian/Siemens MRI scanner using a T2*-weighted single-shot gradient-echo planar imaging sequence with ramp-sampling (TE/TR=20/1600 ms, 4 mm slice thickness, 1 mm gap, 35 coronal slices, 64×64 matrix size, 3.1×3.1 mm in-plane resolution, 90°-flip angle, 231 time points, bandwidth: 200.00 kHz) covering the whole brain. Padding was used to minimize motion. Subject motion was determined immediately after each fMRI trial, to confirm motion <1 mm-translations and <1°r otations (Caparelli et al., 2003) . Anatomical images were collected using a T1-weighted 3D-MDEFT sequence (Lee et al., 1995) (TE/TR=7/15 ms, 0.94×0.94×1 mm spatial resolution, axial orientation, 256 readout and 192×96 phase-encoding steps, 16 min scan time) and a modified T2-weighted Hyperecho sequence (Hennig and Scheffler, 2001 ) (TE/TR=42/10,000 ms, echo train length=16, 256×256 matrix size, 30 coronal slices, 0.86×0.86 mm in-plane resolution, 5 mm thickness, 1 mm gap, 2 min scan time), which were reviewed to rule out gross morphological abnormalities in the brain.
Task activation paradigm for fMRI
The participants performed a VA with blocked design that was described previously (Tomasi et al., 2004) . Briefly, the "TRACK" epochs are 1 min long and composed of five "Ball tracking" and respond periods. In these periods, subjects viewed 10 identical balls that randomly move across the central visual field, and used only their peripheral vision and attention to keep track of a subset of balls (two, three or four balls) that were briefly highlighted at the beginning of each trial. To avoid eye movements while following the balls subjects were asked to fixate on a cross at the center of the display. At the end of each trial the balls stop moving and a new set of balls is highlighted; the subject presses a button if these balls are the same as the target set. Button press events are used to record performance accuracy and reaction times. The "DO NOT TRACK" baseline epochs are 1 min long and composed of five consecutive "resting" periods. In these periods, all 10 balls move and stop in the same manner as during "TRACK" epochs; however, no balls are highlighted, and subjects are instructed to not track the balls and view them passively. The stimuli were presented on MRI-compatible goggles and the display software was synchronized with the MR acquisition using an MRI trigger pulse. Prior to testing subjects performed a brief training session (~10 min) outside of the scanner to ensure that they were able to perform the tasks. The fMRI VA task was performed two hours after completion of the PET [ 11 C]raclopride scans in both the SD and RW conditions (performed between 1 and 3 PM; approximately 7 to 8 h after awakening for RW condition and 31 to 35 h after awakening for the SD condition).
PET image analysis
Regions of interest (ROI) were obtained directly from the [ 11 C] raclopride images as previously described (Volkowet al., 1994) . Briefly we identified and selected the ROI on summed images (dynamic images taken from 10-54 min) that were resliced along the intercommisural plane (AC-PC line). The caudate and putamen and cerebellum were measured on 4, 3, and 2 planes respectively, and right and left regions were delineated. These regions were then projected to the dynamic scans to obtain concentrations of C-11 vs. time, which were used to calculate the distribution volumes using a graphical analysis technique for reversible systems that does not require arterial blood sampling (Logan et al., 1996) . We computed the ratio of the distribution volume in caudate and putamen to that in the cerebellum. The distribution volume ratio (DVR), which corresponds to Bmax/Kd +1, was used as an estimate of D2 receptor availability.
fMRI image analysis and statistics
The first four time points in each fMRI time series were discarded to avoid non-equilibrium effects in the BOLD signal. The statistical parametric mapping package SPM2 (Welcome Department of Cognitive Neurology, London UK) was used for subsequent image processing: the images were (1) realigned to the first volume in the time series (to ensure that head motion was lower than 1-mm translations and 1°-rotations for all scans); (2) spatially normalized to the Talairach frame of reference; and (3) spatially smoothed with an 8-mm FWHM Gaussian kernel.
A general linear model and a blocked design with high-pass filtering (cut-off=1/256 Hz) were used to calculate the BOLD contrast maps for each condition (2-, 3-, and 4-ball tracking) and subject in SPM2. Differential (ΔBOLD; SD minus RW) contrast volumes, reflecting the effect of SD on brain activation, were calculated for each subject and condition using the individual BOLD contrast maps and IDL (ITT Visual Information Solutions, Boulder, CO).
Multiple (linear) regression analyses in SPM2 were used to assess the effect of accuracy, and reaction time on BOLD-fMRI signals. Specifically, the estimated BOLD signal maps for each trial and subject were included in multiple regression random-effects models with three regressors: 1:(Main VA) a constant regressor modeling the average BOLD amplitude produced by the VA task; 2:(VA-load) a linear regressor (−1, 0, 1), modeling the increased BOLD amplitude produced by the increased task difficulty (2-, 3-, and 4-ball tracking). The third regressor reflected the subjects' performance (accuracy or RT) for each session (RW or SD). Separate analyses were carried out for accuracy and RT to minimize the degrees of freedom (number of fitting parameters) of the SPM multiple regression model.
Similarly, multiple (linear) regression analyses in SPM2 were also used to assess the effect of SD-related changes in striatal DA D2 receptor availability changes (ΔD2R) on differential ΔBOLD signals. As before the model included three regressors: 1) Main VA; 2) VA-load; and 3) ΔD2R in caudate or putamen. Separate analyses were carried out for caudate and putamen to minimize the degrees of freedom (number of fitting parameters) of the SPM multiple regression model. The continuous random field calculation implemented in SPM2 was used to perform the cluster analyses. Brain activation and deactivation clusters with at least 20 voxels (540 mm 3 ) and p<0.05 (corrected for multiple comparisons) were considered significant.
To validate the SPM results, brain activation and deactivation clusters demonstrating significant correlations between ΔBOLD signals in the brain and ΔD2R in striatum were further evaluated with region-of-interest (ROI) analyses. Specifically, isotropic masks containing 27 imaging voxels (0.73 ml) were defined at the centers of relevant activation clusters to extract the average (and SD) % signal change from individual ΔBOLD contrast maps. These 9-mm cubic masks were created and centered at the precise coordinates listed in Table 1-Table 3 , using IDL. The coordinates of the ROI masks were kept fixed across subjects and conditions. Pearson product-moment correlations were used to assess the association between ΔD2R in striatum and ΔBOLD. Since the correlations were equivalent for the 3 difficulty levels we report on the correlation with the average of the 3 measures.
Results

Effects of SD on the behavioral measures and on the VA task
During RW scores for "sleep quality" corresponded to 8.3±2 and the self-reports of alertness (average of the two measures) were significantly higher than during SD (7.9±2 vs. 5.9±2; p<0.005). The comparisons within a given day between the measures obtained prior to the PET scan to those obtained 2 h later were significantly lower for the SD measures (6.3±2; and 5.4 ±2 p<0.05), but did not differ for RW (8.2±2 and 7.6±3).
Performance accuracy, averaged across the three task difficulty levels, decreased significantly during SD (92±8% for RW, 77±20% for SD; p=0.001, repeated measures ANOVA). In contrast, there were no differences in reaction time between RW and SD (849±333% for RW, 918±370ms for SD; p=0.422). The relationship between accuracy and reaction time also differed between conditions; whereas these two measures were not correlated during RW (r=0.29, p=0.31) during SD they showed a negative correlation (r=−0.70, p<0.005) for the two less demanding task levels (2-balls and 3-balls), such that the faster the responses during SD the greater the accuracy.
Effects of SD on brain activation to the VA task
As previously reported the VA task activated thalamus, superior and inferior parietal gyri, cerebellar vermis and lower occipital cortex and deactivated precuneus, upper and middle occipital cortex, anterior cingulate gyrus (CG), and insula (Tomasi et al., 2008) . Analysis on the "VA load effect" revealed that with increased difficulty there was enhanced activation in thalamus and parietal cortex and enhanced deactivation in upper and middle occipital cortex and in the insula (Fig. 1, Table 2 ).
Comparison between SD and RW for the "main effect" revealed that during SD there was enhanced activation of thalamus, attenuated activation of parietal gyri, cerebellar vermis and lower occipital and attenuated deactivation of upper and middle occipital cortex and precuneus (Fig. 1, Table 1 ). In contrast the "load effect" did not differ between RW and SD (data not shown).
Correlations between BOLD signals and VA performance
Brain activation and performance accuracy were significantly correlated for the SD condition but not for the RW condition (Fig. 2) . During SD, accuracy was positively correlated with BOLD responses in cerebellum and lower occipital cortex (the higher the activation the better the accuracy) (p corr <0.001, corrected for multiple comparisons) and negatively correlated in right insula, left CG (BA 32) and precuneus (the higher the deactivation the better accuracy) (p corr <0.05) (Fig. 2, Table 2 ). None of the correlations with reaction time reached significance after correction for multiple comparisons and cluster size (data not shown).
Effects of SD on striatal D2 receptor availability
As previously reported D2 receptor availability (Bmax/Kd) was significantly lower for SD than for RW in caudate (2.30±0.20 vs. 2.43±0.19; t=3.4 df 13, p<0.005) and putamen (2.93 ±0.16 vs. 3.05±0.18; t=2.2 df 13, p<0.05) (Volkow et al., 2008a) . The changes in D2 receptor availability (ΔD2R) in putamen were negatively correlated with changes in accuracy (r=−0.79, df 14, p<0.001) and changes in caudate showed a trend (r=−0.51, df 14, p<0.06). The negative correlation means that larger ΔD2R were associated with worse performance. The correlations with reaction time were not significant.
Correlations between ΔBOLD (SD-RW) and ΔD2R
Since the correlations between SD and RW were similar for caudate and putamen, we describe them together (Fig. 3, Table 3 ). Striatal ΔD2R was positively correlated with ΔBOLD in occipital cortex (including upper, middle and lower occipital cortex) and cerebellum (p corr <0.001) and negatively correlated in anterior CG and insula (Table 3, Fig. 3 ). The positive correlation in the lower occipital cortex and cerebellum, which were regions activated more in RW than SD, indicated that decreases in D2 receptor availability were associated with decreased activation in these regions during SD. The positive correlation in the upper and middle occipital cortex, which were deactivated more in RW than SD indicated that subjects with larger decreases in D2 receptor availability tended to show more deactivation in this region during SD than subjects with less or no changes in D2 receptor availability. The negative correlations in the CG and insula, which were regions deactivated during VA but that did not differ between SD and RW indicated that decreases in D2 receptor availability during SD were associated with less deactivations.
Discussion
Here we show that decreases in striatal D2 receptor availability (interpreted as DA increases and hyperstimulation of D2 receptors) were associated with decreased activation in lower occipital cortex and cerebellum (regions activated by the VA task to a greater extent in RW than SD) and with decreased deactivation in CG and insula (regions that did not differ between RW and SD).
Since activation of lower occipital cortex and cerebellum and deactivation in CG and insula were associated with accuracy during SD one interpretation could be that striatal hyperstimulation of D2 receptors by attenuating these regional brain responses contributed to the VA deficit during SD. However, another interpretation is that striatal DA increases reflect counteracting effects to maintain arousal as the drive to sleep increases (greater fatigue greater DA increases), masking DA true effects. In the former interpretation the association between striatal ΔD2R and blunted regional brain responses may reflect the mechanisms by which DA interferes with VA attention during SD, while in the latter interpretation this may reflect DA's counteracting effects on the drive to sleep in order to maintain arousal.
The regions where striatal ΔD2R were positively correlated with ΔBOLD (occipital cortex and cerebellum) are regions that are not typically considered main targets for DA innervation or regulation, which could be taken to suggest that the association reflects parallel processes rather than processes that are causally linked. However, the association could reflect either downstream effects from regions modulated by DA or direct DA modulation since, though low, there are D2 receptors in occipital cortex (Gil-Martin et al., 1994; Lidow and GoldmanRakic, 1994; Meador-Woodruff et al., 1997; Parkinson, 1989; Mukherjee et al., 2002) , and in cerebellum (Pinborg et al., 2007) .
In the occipital cortex DA modulates visual processing in part via D2 receptors (Müller and Huston, 2007; Reyes et al., 2002) . DA also regulates the transfer of retinal information in the dorsal lateral geniculate nucleus (major relay nucleus of the visual system (Zhao et al., 2002) ) (Govindaiah and Cox, 2006) , where it exerts a predominant inhibitory action (Albrecht et al., 1996) . In turn the dorsal geniculate nucleus modulates the transfer of information into the visual system as a function of attentional demands and behavioral state (Sherman and Guillery, 2002) .
Regions in the occipital cortex where ΔBOLD correlated positively with striatal ΔD2R included both areas deactivated (upper and middle occipital) and activated (lower occipital) by the VA task and these responses were attenuated during SD (Fig.1) . The association between ΔD2R and ΔBOLD showed an opposite pattern in upper and middle occipital (larger ΔD2R greater deactivation and hence less differences between SD and RW) than in the inferior occipital (larger ΔD2R less activation and hence greater differences between SD and RW) (Fig.  3) . This most likely reflects the functional heterogeneity of the visual cortex (Grill-Spector and Malach, 2004) and its impairment by SD (Corsi-Cabrera et al., 1999; Chuah and Chee, 2008; Chee et al., 2008) .
Higher activity in the middle occipital cortex has been associated with lower arousal (Hofle et al., 1997) . Thus it is possible that higher activity in the upper and middle occipital cortex associated with decreased arousal during SD could have interfered with the deactivation required for maintaining performance with increasing task difficulty (Fig. 1) . Interestingly transcranial magnetic stimulation (rTMS) of the upper middle occipital cortex, but not the lower occipital, during SD was shown to remediate the deficits in a visual working memory task (Luber et al., 2008) .
Decreased activation of the inferior occipital cortex while performing a VA task during SD, has been reported by others . Moreover, it has been suggested that it is contingent on the engagement of selective attention since decreased activation during SD was not observed with passive visual stimulation . Cholinergic neurotransmission, which plays a key role in regulating the visual cortex (Sato et al., 1987) and is reduced with prolonged wakefulness (Jones, 2005) was shown to contribute to the reduced activation of the visual system during SD (Chuah and Chee, 2008) . Our finding suggests that DA neurotransmission (directly or indirectly) may also contribute to decreased activation of the visual system during SD.
The association between striatal ΔD2R and cerebellar activation most likely reflects striatal modulation of cerebellar activity (Perciavalle et al., 1987) . The correlation with ΔD2R was centered in the inferior posterior hemisphere (Fig. 3) where its activation by the VA task during SD was associated with performance accuracy (Fig. 2) . This is consistent with prior imaging studies linking the activity of the cerebellar hemispheres with VA processes (Dieterich et al., 2000) . Similarly, in patients with attention deficit hyperactivity disorders (ADHD) and dyslexia the cerebellar abnormalities (including posterior cerebellar hemispheres) have been linked with symptoms of inattention (Mackie et al., 2007; Ashtari et al., 2005; Kibby et al., 2008) . Thus striatal hyperstimulation of D2 receptors may have contributed to impairments in VA by disrupting cerebellar activation.
The anterior CG where striatal ΔD2R was negatively correlated with ΔBOLD is a target of the DA mesocortical system (Hurd et al., 2001 ) and plays a key role in attention (Rueda et al., 2005; Mason et al., 2007) . The association could reflect direct or indirect modulation via striatothalamo-cortical pathways (Alexander et al., 1990) . The area in the CG that correlated with ΔD2R corresponded to BA 24 and BA 32. BA 24 has been shown to deactivate during cognitive tasks in proportion to emotional interference (Bush et al., 2003; Simpson et al., 2001a,b) . Though deactivation of the CG did not differ for the RW and SD conditions, individual analysis revealed that subjects with the largest ΔD2R showed less BOLD differences in CG between SD and RW whereas subjects with less or no ΔD2R deactivated more during SD than RW (Fig.  3) . Since CG deactivation was associated with performance accuracy during SD this suggests that striatal hyperstimulation of D2 receptors by interfering with further CG deactivation was detrimental for performance.
In the insula, striatal ΔD2R was also negatively correlated with ΔBOLD (Fig. 3) . The insula is implicated in the awareness of the physiological condition of the physical body (interoception) (Craig, 2002) . Thus awareness of fatigue and sleepiness may have contributed to the blunted deactivation of the insula during SD. The insula has very low levels of D2 receptors (Hurd et al., 2001 ) and thus the association with striatal ΔD2R most likely reflects the striatal connectivity with the insula (Postuma and Dagher, 2006) . The role of DA and/or of striato-insular pathways in interoceptive function to our knowledge has not been investigated.
Studies on the role of DA on SD-induced cognitive impairment
The deterioration in performance in the VA task with SD, which is consistent with prior studies (Durmer and Dinges, 2005) was associated with decreases in striatal ΔD2R (interpreted as DA increases). This finding may seem paradoxical since it is opposite to the beneficial effects that stimulant medications can have on attention during SD (Bonnet et al., 2005) . However, stimulant medication and DA agonists are not always beneficial and in some subjects they impair performance (Oranje et al., 2006) . Also, the beneficial effects of stimulant drugs in attention are believed to reflect its dopaminergic as well as its noradrenergic effects on the prefrontal cortex rather than the striatum (Berridge et al., 2006; Corbetta et al., 2008) and to require the stimulation of D1 receptors (or D1 and D2) (Levy, 2008 ) whereas here we show DA stimulation of D2 receptors in striatum with SD. Indeed, microdialysis studies in rodents showed that low doses of methylphenidate that improved cognitive function but were devoid of locomotor effects increased DA and norepinephrine in prefrontal cortex with minimal effects in striatum (Berridge et al., 2006) . In contrast, high doses of stimulant medications, which induce robust DA increases in striatum, impair attention (Martinez and Sarter, 2008) .
Moreover, since SD has been shown to disrupt prefrontal activity (Horne, 1993) and this disruption has also been associated with cognitive impairment (Thomas et al., 2000 (Thomas et al., , 2003 it is possible that the association between VA performance and striatal ΔD2R reflects reduced prefrontal activity occurring concomitantly to striatal hyperstimulation of D2 receptors with SD. Indeed, D2 receptor blockade (using sulpiride) was shown to alleviate the impairment in attention in prefrontal lesioned animals, but not in intact animals, suggesting that striatal hyperstimulation of D2 receptors may contribute to attention deficits in the prefrontal damaged animal (Passetti et al., 2003) . Inasmuch as the prefrontal cortex regulates DA cell firing and its damage increases striatal DA (Bertolino et al., 2000) further studies are required to assess if decreases in prefrontal activity during SD contribute to the striatal DA increases. However, it is also possible that striatal DA increases reflect a counteracting effect to maintain arousal as the drive to sleep increases. Thus greater fatigue would produce greater striatal DA increases. This might mask the effect of DA increases, or even make them appear to be opposite to the true effects. Thus even though the effect of DA may be to improve performance, it may be associated with decreased performance due to the correlated and greater effect of SD onto which the DA effects are superimposed.
Study limitations
(1) The limited sensitivity of the [ 11 C]raclopride did not allow us to measure DA changes in the prefrontal cortex nor did it allow us to assess regions predominantly modulated by D1 receptors, which are crucial for attention. (2) The [ 11 C]raclopride method does not allow us to ascertain if changes in binding reflect changes in DA, in D2 receptor levels or in affinity (Gjedde et al., 2005) . (3) In our subjects we did not obtain electroencephalographic measures nor did we obtain information on chronotype, the Epworth score, nor on sleep latencies. These would have provided additional information on sleeping patterns of our subjects that may have been relevant to understanding the intersubject variability in the responses to SD. (4) The PET and the fMRI were done sequentially (2 h apart from each other) and we cannot necessarily assume that the state of the brain was the same at both measurements. This is relevant since alertness and cognitive performance fluctuate with SD and may deteriorate abruptly after 30 h of wakening (Doran et al., 2001 ). Indeed our data showed fluctuation in alertness during the SD condition. However, since prior imaging studies did not show regional brain activation differences during a working memory task performed after 24 h versus 35 h of SD (Chee et al., 2006) it is unlikely that the 2 hour time difference invalidates our findings. In the future with the development of dual PET-MRI scanners it will be possible to simultaneously assess these two measures, which will eliminate this confound.
Conclusion
Striatal DA increases during SD were associated with decreased activation in cerebellum and lower occipital cortex and with decreased deactivation of CG while performing the VA task (Fig. 3) . Since performance accuracy during the VA task correlated with activation of the cerebellum and lower occipital cortex and with deactivation of CG (Fig. 2) this suggests that striatal hyperstimulation of D2 receptors may contribute to VA impairment by attenuating the regional brain activation responses necessary for optimal task performance. The mechanism (s) by which striatal hyperstimulation of D2 receptors during SD result in attenuated activation responses to the VA task require further investigation. SPM correlation maps between VA performance (accuracy) and BOLD signals for the RW (first row) and the SD (second row) conditions. Significance for all comparisons corresponds to p<0.005 not corrected. SPM correlation maps between the changes in D2R availability in putamen and the changes in activation/deactivation BOLD (SD vs. RW) and histograms showing the activation/ deactivation responses to the 3 difficulty levels (2 balls, 3 ball, 4 balls) during RW and SD and the corresponding regression plots between putamen ΔD2R and ΔBOLD (averaged across the 3 difficulty levels). Significance for SPM maps correspond to p<0.005 not corrected. Abbreviations correspond to CG cingulate gyrus, LO = lower occipital, MO = middle occipital, CB = cerebellum, 2b = 2 balls, 3b = 3 balls, and 4b = 4 balls. Table 1 Location of major areas of brain activation and deactivation in the Talairach coordinates (x,y,z), and average statistical significance (Z) of BOLD responses in 27 voxels (0.73 cm 3 ; cubic) ROI centered at these cluster locations Brain regions and their location in the Talairach coordinate space (x,y,z) where BOLD signals were positively and negatively correlated with performance accuracy in the VA task for the RW and SD conditions and effects of VA task on bold signal (main effect) 
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